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1.  INTRODUCTION
Several millennium-long composite oak tree-ring
width (TRW) chronologies exist for Europe: Ireland
(Pilcher et al. 1984), Poland (Kra˛piec 2001), Germany
(Friedrich et al. 2004), and France (Tegel et al. 2010)
among them. A number of recent studies have also
highlighted the great palaeoclimatic potential of oak
data for reconstruction of precipitation/drought char-
acteristics: Cˇufar et al. (2008) for Slovenia, Friedrichs
et al. (2009a,b) for Germany, Kern et al. (2009) for
Hungary; Büntgen et al. (2010, 2011b) for central and
western Europe, Cooper et al. (2013) for East Anglia
(UK), Wilson et al. (2012) for southern-central Eng-
land and Sohar et al. (2014) for Estonia.
Long oak TRW chronologies are invaluable sources
of information for dating purposes, especially in
archaeology (Kolárˇ & Rybnícˇek 2011, Cˇufar et al.
2015). However, their use for climate reconstruction
may be complicated by the fact that they sometimes
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ABSTRACT: Oak ring width measurements compiled from 44 sampling sites throughout the ter-
ritory of the Czech Republic are analysed for the 1655−2013 period. Measurements taken at all
these sites are sorted into 10 sub-chronologies on the basis of 5 environmental factors: soil mois-
ture (dry/wet), elevation (low/high), age (young/old), species (Quercus robur or Q. petraea), and
geographical position (east/west). Several statistical tests are applied to investigate existing sig-
nificant differences between chronologies during 1920−2013. Further, the sensitivities of indi-
vidual sub-chronologies to precipitation are compared. Three tests indicate 5 pairs of very sim-
ilar sub-chronologies. Moreover, the growth-response to May−July precipitation totals is very
much the same in these sub-chronologies. This analysis demonstrates that, even in the absence
of certainty about age structure, species composition and some environmental factors in the
 earlier parts of oak ring width chronologies, the internal homogeneity of the chronology
remains essentially unaffected, and the lack of such information does not preclude their use in
 dendro climatology.
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convey climate signals that appear ambiguous (Bünt-
gen et al. 2008, 2010). Tegel et al. (2010) have indi-
cated certain problems in the use of long oak TRW
chronologies for late-Holocene climate reconstruc-
tions. These include insufficient knowledge on site-
specific conditions of historical and sub-fossil woods,
fluctuations in sample size, and inadequate coverage
of tree-age structure. Severe problems for the strength
of climate signal may also arise out of exceptional
environmental changes over time, among them high
concentrations of atmospheric greenhouse gases
in recent decades, levels of biospheric fertilization,
changes in forest management and variations in de -
gree of habitat alteration and clearance (Kaplan et al.
2009).
An oak TRW chronology for the territory of the
Czech Republic has been constructed and systemati-
cally updated in the course of recent decades (Kolárˇ
et al. 2012). The current version of this chronology
provides continuous cover, in adequate sample
depth, for the period from AD 761 to the present. It
has been used in palaeoclimatology for the analysis
of the temporal distribution of wet and dry years
(Dobrovolný et al. 2015). Two widespread species,
the English oak Quercus robur L. and the sessile oak
Q. petraea (Matt.) Liebl., predominate in Czech (CZ)
oak TRW measurements. In terms of their wood
anatomy, the species are far from distinguishable
(Schoch et al. 2004). However, the natural habitat of
the English oak consists primarily of river valleys at
lower altitudes (below 500 m) whereas sessile oak
tends towards higher elevations. As
these species often occupy quite differ-
ent natural habitats, one may assume
that their responses to  climate condi-
tions differ accordingly.
This may present a serious problem,
since it is common in palaeoclimatology
that the relative proportions of oak spe-
cies numbers, and sufficient knowledge
of site conditions, may only exist in pre-
cise form for living trees, and only the
recent parts of chronologies. The roles
of these factors are unknown in the
more distant parts of chronologies
derived from historical and sub-fossil
woods. This introduces additional un -
certainties to proxy-based quantitative
climate reconstructions and may even
preclude the use of such chronologies in
palaeoclimatology altogether.
This contribution employs the more
recent part of the CZ oak TRW chronol-
ogy as a benchmark for testing ‘internal homogeneity’.
The samples from all sites are divided into 10 specific
sub-chronologies based on 5 environmental factors:
soil moisture conditions (dry/wet), elevation (low/
high), age (young/old), species (Q. robur/Q. petraea),
and geographical position (east/ west). The main ob-
jective of this study is to test whether there are
obvious differences between the sub-chronologies.
We hypothesize that the existence of no significant
differences between west/east, dry/wet or low/high
sub-chronologies demonstrates an ‘internal homo-
geneity’ in CZ oak TRW chronology and suggest that
the full chronology can be employed as a single data-
set to represent the past hydroclimate variability on
the CZ territory. Further, this analysis addresses the
issue of tree-age structure and may also provide an
answer to the question as to the degree of signifi-
cance of problems arising out of the combination of
the 2 oak species in the chronology.
2.  DATA AND METHODS
The recent part of the CZ oak TRW chronology is
used herein, covering the period 1655−2013. It con-
sists of annually resolved and absolutely dated TRW
measurements from 1283 randomly sampled living
oaks of various ages (22−359 yr), taken at 44 sam-
pling sites in the Czech Republic (area ~79 000 km2)
between 1998 and 2014, especially during 2012−2014
(Fig. 1).
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Fig. 1. Spatial distribution of 44 sampling sites and their distribution in terms
of west/east, Querus robur/Q. petraea, dry/wet and high/low-altitude oak
TRW sub-chronologies over the territory of the Czech Republic; dashed line
marks boundary between west and east chronologies; grey indicates that
data from the corresponding sampling site was not used for sub-chronology 
compilation (see Section 2 for further details)
Dobrovolny´ et al.: Oak tree-ring width chronologies in the Czech Republic
Most of the samples come from 2 lowland regions:
Bohemia (western Czech Republic) and  Moravia-
Silesia (eastern Czech Republic), regions of natural
oak forest occurrence. The 2 regions are character-
ized by relatively warm (mean annual temperature
9−10°C) and dry (annual precipitation 450−500 mm,
maximum in summer) climate conditions. Precipita-
tion totals in these regions are significantly lower
than evapotranspiration (Dobrovolný et al. 2015).
Thus oak growth is mainly limited by water shortage
and therefore sensitive to hydroclimate changes.
From the point of view of moisture regime, the CZ
territory is quite homogeneous as follows from spatial
correlation analysis comparing CZ May−July precip-
itation totals and the May−July standardised precipi-
tation-evapotranspiration index for 1 mo (SPEI-1)
with those characteristics from European gridded
databases (Fig. 2). The 2 maps indicate that mean CZ
series of precipitation and SPEI are significantly rep-
resentative for the whole CZ territory.
In order to investigate individual environmental
factors, the whole dataset was first divided into 2 sub-
chronologies. One was compiled from samples col-
lected at localities where the English oak predomi-
nates, while the other came from sites where the
sessile oak is in the clear majority. A detailed map of
the CZ distribution of the 2 species in 2014 was used
for discrimination. Site chronologies from the areas in
which the species co-exist equally were not further
considered. Thus 2 species-based series (Quercus
robur and Q. petraea) were obtained and their differ-
ences tested for mean segment length (MSL), aver-
age growth rate (AGR), mean sensitivity and autocor-
relation structure. Mean sensitivity indicates if the
series is useful for cross-dating or responsive to cli-
mate (Bunn et al. 2013). A similar approach was
adopted for soil moisture, geography (east/west) and
altitude (Fig. 1). 
Sub-chronologies were compiled for Bohemia
(‘west’) and Moravia-Silesia (‘east’). The Bohemian-
Moravian Highlands were considered the boundary
limit, since oak occurs only sparsely in them. More-
over, from the phytogeographical perspective, the
western part of CZ is part of the Hercynian Region
while the eastern part is related to the Pannonian
Basin (Chytrý et al. 2001). Based on the relative avail-
ability of soil water, on mean elevation and on mean
tree-age data, the sampling sites were ranked in
ascending order. Only site chronologies belonging to
the lower and upper quartiles were used for compila-
tion of specific chronologies: ‘wet’ and ‘dry’ accord-
ing to soil water content (<62 mm and >74 mm for
lower and upper quartiles respectively); ‘high’ and
‘low’ by altitude (<245 m and >430 m for the lower
and upper quartiles re spectively); and finally ‘young’
and ‘old’ according to mean age (<80 years and
>118 years for lower and upper quartiles respec-
tively). The remaining site chronologies, belonging to
the second and third quartiles, were excluded from
further analysis.
A total of 11 specific sub-chronologies for raw oak
TRW measurements were thus obtained—5 pairs
according to specific factors (above) and 1 from all
data in addition. The expressed population signal
(EPS; Wigley et al. 1984) and inter-series correlation
(Rbar) were calculated to assess the quality of each
chronology. Moreover, the degree of similarity
between the sub-chronologies was addressed by the
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Correlation coefficient
(A) (B)
Fig. 2. Spatial correlations between (A) May−July mean Czech precipitation series (Brázdil et al. 2012) and CRU TS3.23 grid-
ded precipitation (Harris et al. 2014) and (B) May−July mean Czech SPEI-1 (Brázdil et al. 2015) and gridded CSIC SPEI 
drought index (Vicente-Serrano et al. 2010) for the period 1901−2000
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statistical metrics frequently used in dendrochrono-
logical  dating, the T-test after Baillie & Pilcher (1973)
(TBP), and the T-test after Hollstein (1980) (THO), co -
efficient of agreement (‘Gleichläufigkeit’; Eckstein &
Bauch 1969) and Date index 1 (Knibbe 2004). When
the tree-ring series overlap by ≥60 yr, the critical
value of Student’s t-distri bution, at p = 0.001 level of
significance, is 3.460 (Šmelko & Wolf 1977). As well
as direct comparison between individual pairs of sub-
chronologies, pos sible differences in sensitivity to
precipitation were also examined. For that purpose,
sub-chronologies of raw oak TRW measurement
series were first standardized in order to suppress
non-climatic factors, as below.
Negative exponential curves together with cubic
smoothing splines with a 50% frequency response
cut-off at 60 and 120 yr were used for detrending
to remove age-related growth trends. TRW indices
were calculated as residuals from estimated growth
curves after applying an adaptive power transforma-
tion to the raw measurement series (Cook & Peters
1997). The final oak TRW chronologies from each of
the 3 detrending techniques were calculated using
robust bi-weighted means. All 3 chronology versions
(standard, residual and ARSTAN) generated from
ARSTAN software (Cook & Krusic 2005) were con-
sidered. The first-order autocorrelation (AC1) was
calculated for all 9, slightly different, variants of each
sub-chronology and for the mean CZ precipitation
series (Brázdil et al. 2012) that was used as a target. A
suitable detrending technique was chosen, based on
the highest similarity of autocorrelation structure
between proxy and climate data. Very low values of
precipitation AC1 correspond to a residual chronol-
ogy generated from detrending by 120-year spline
function.
Residual index tree-ring chronology (TRWI) was
used to calculate any correlation between radial
increments and precipitation in DendroClim2002
software (Biondi & Waikul 2004) for the period 1920−
2013. In this period, all 10 specific sub-chronologies
provided a sufficient number of samples and their
quality evaluated by EPS also proved acceptable
(EPS >0.85). Pearson’s correlation coefficients were
calculated for the seasonal window from April of the
previous year until September of the year of tree-ring
formation (‘the given year’), i.e. for a period of 18 mo.
The climate in this interval has the greatest influence
on the radial increment of oak in central Europe
(Horácˇek et al. 2003; Gricˇar 2010; Rybnícˇek et al.
2015, 2016).
3.  RESULTS
The basic characteristics of 10 oak TRW sub-
chronologies and the chronology for all data are sum-
marized in Table 1. All the chronologies are well
replicated by at least 296 TRW series (‘wet’ chronol-
ogy). Cambial age expressed by MSL of all TRW
records varies from 64 yr (‘young’) to 136 yr (‘old’).
AGR ranges from 1.478 (‘old’) to 2.207 mm yr–1
(‘young’). MSL and AGR parameters show high simi-
larities between western and eastern chronologies.
However, statistically significant differences were
disclosed between the remainder of the TRW sub-
chronologies, with the highest of them between ‘old’
and ‘young’ chronologies (MSL t = 44.61, p <0.01;
AGR t = 14.16, p <0.01). The least, but still statisti-
cally significant, difference appeared between AGRs
for ‘low’ and ‘high’ chro nologies (t = 2.01, p <0.05).
Compared to the Quercus petraea chronology, the
136
TRW chronology Start year End year Series SR MSL (yr) AGR (mm yr–1) SD MS AC1 Rbar EPS
Dry 1655 2013 401 14 107 1.625 0.671 0.239 0.683 0.527 0.93
Wet 1826 2014 296 15 88 1.869 0.795 0.255 0.643 0.434 0.95
High 1655 2013 416 14 109 1.745 0.722 0.239 0.684 0.485 0.86
Low 1841 2013 428 15 101 1.837 0.801 0.244 0.683 0.429 0.98
Old 1655 2014 347 14 136 1.478 0.686 0.239 0.716 0.455 0.88
Young 1919 2014 311 15 64 2.207 0.832 0.255 0.585 0.416 0.98
Querus petraea 1655 2013 351 14 117 1.493 0.644 0.243 0.684 0.524 0.93
Q. robur 1750 2014 839 15 97 1.949 0.823 0.244 0.671 0.412 0.85
West 1655 2013 721 15 102 1.797 0.788 0.252 0.665 0.448 0.88
East 1826 2014 562 13 100 1.776 0.716 0.236 0.675 0.494 0.98
All 1655 2014 1283 15 101 1.788 0.757 0.245 0.670 0.436 0.89
Table 1. Characteristics of raw TRW chronologies: SR: number of sapwood rings; MSL: mean segment length; AGR: average
growth rate; SD: standard deviation; MS: mean sensitivity; AC1: first-order autocorrelation; Rbar: mean inter-series correlation 
(calculated in COFECHA; Grissino-Mayer 2001); EPS: mean expressed population signal
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Q. robur chronology displays lower MSL, higher AGR
and especially higher variability expressed as stan-
dard deviation. Mean sensitivity is comparable for all
sub-chronologies, as are first-order autocorrelations,
ex cept for ‘young/ old’ TRW series. The ‘old’ chronol-
ogy has considerably higher values, and the ‘young’
chronology lower, compared with AC1 of the chro-
nology compiled from all TRW series. The Rbar
and the EPS indicate robust signal strength. Mean
Rbar and mean EPS values are at least 0.41 and
0.85, respectively, for the full length of all sub-
chronologies. High similarity among TRW sub-
chronologies also was proven by the number of
 sapwood rings which ranges from 13 to 15.
Direct comparison of the raw TRW measurements
in all 10 sub-chronologies, containing data of similar
quality and quantity, was made for 1920−2013. The
period was also chosen be cause the TBP and THO
test statistics employed were influenced by an
overlap of tree-ring series. T-test (both TBP and THO)
values ranged from 9.0 to 15.0 (Table 2). The T-tests
were markedly below their α-level (α = 0.05), which
demonstrates a high degree of similarity between
sub-chronologies. The coefficient of agreement (GL)
also gives a significant relationship between all pairs.
Date index 1, calculated as a combination of all 3 pre-
vious statistical metrics, displays the highest similarity
between Q. petraea and Q. robur chronologies (511).
On the other hand, the lowest correlations appeared
between the ‘dry/wet’ and ‘high/low’ pairs (335).
Fig. 3 shows a direct comparison of all pairs of
indexed TRW sub-chronologies in the study period,
while their common variability is expressed as run-
ning correlations. The latter are statistically signifi-
cant for all pairs and for the whole study period.
While common variability is quite stable over time for
the series differentiated by altitude, age and species,
there is a distinct period of lower coherence spanning
approximately from the mid-1940s to the mid-1960s
for ‘dry/wet’ and for ‘east/west’. The overall cor -
relations between all 5 pairs of raw oak TRW sub-
chronologies in the 1920−2013 period are highly sig-
nificant, varying from 0.705 (‘west/east’) to 0.821
(‘old/young’).
Potential differences between specific TRW chro -
nologies were also explored in terms of their ability
to simulate hydroclimate variability. All the indexed
TRW sub-chronologies and the chronology from all
data were correlated against CZ precipitation totals
to reveal possible differences. Precipitation totals in
the previous year were not significantly reflected in
our data and are therefore not presented.
Correlation analysis demonstrated that all TRW
chronologies respond consistently and correlate best
for May−July precipitation totals in the 1920−2013
period. Correlation coefficients in individual months
(May, June, July) are around the level of significance
but the May−July period exceeds the threshold con-
siderably, varying from 0.288 for ‘dry’ and ‘west’
chronologies to 0.428 for the ‘young’ chronology
(Fig. 4a). The greatest difference was observed
between correlations of ‘old’ (0.332) and ‘young’
(0.428) chronologies. The remainder of the pairs
responded to precipitation totals in very similar fash-
ion. However, 31 yr running correlations exhibited
temporal instability within the relationship. Correla-
tion coefficients were quite stable and around the
significance level until the 1960s. A slow decrease of
all TRW chronology correlations culminated in a
 significant decline in the early 1980s, persisting to
the present (Fig. 4b). Recalculation of the relation-
ship for a shorter period (1920−1980) shows the same
response of all chronologies and increased corre -
lation values in comparison with the full common
period. Correlations for the most important May−July
precipitation totals vary from 0.381 for ‘dry’ and
‘west’ chronologies to 0.538 for the ‘young’ chronol-
ogy. Possible sources of this temporal instability are
discussed in the next section.
4.  DISCUSSION
Some important outcomes arise out of our analysis.
(1) All CZ oak sub-chronologies are well replicated,
their quality is high and mean sensitivities are similar.
(2) The sub-chronologies exhibit significant differ-
ences in some of their descriptive characteristics, such
as MSL and AGR. The latter is, however, a result that
may be anticipated, given the design of the study,
since the TRW sub-chronologies were de fined to max-
TRW chronologies 1920−2013
TBP THO GL DI1
Dry/wet 9.1** 10.2** 83.0* 335.0
High/low 11.8** 11.3** 79.8* 335.0
Old/young 14.9** 15.0** 80.9* 463.0
Quercus petraea/ 9.9** 15.0** 84.0* 511.0
Q. robur
West/east 11.9** 11.3** 80.9* 347.0
Table 2. Coherence of raw TRW sub-chronologies over a com-
mon period (1920−2013). TBP: T-value after Baillie & Pilcher
(1973); THO: T-value after Hollstein (1980); GL: Gleich -
läufigkeit (‘coefficient of agreement’) (Eckstein & Bauch 
1969); DI1: Date index 1 (Knibbe 2004); *p = 0.1; **p = 0.001
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imise differences between one another in terms of the
parameter examined. (3) Despite (2), it transpired that
all 5 pairs of sub-chronologies are highly similar in the
light of 3 different tests. (4) Moreover, the sub-
chronologies are very much the same in their growth
response to May−July precipitation totals. These find-
ings are discussed in more detail below.
In general, species and soil mois-
ture conditions had greater influ-
ences on TRW growth than ele vation
gradient. In addition, higher values
of MSL corresponded to lower AGR
values, resulting from the impact of
age trend in particular. Differences
be tween old and young chronolo-
gies were rendered especially clear
by the relative pro portions of juve-
nile wood, since younger trees con-
tain a higher proportion of it than
older ones. This may also account for
differences between other specific
chronologies. However, the statisti-
cal differences between ‘dry’ and
‘wet’ TRW chronologies may be
influenced by water availability;
tree-ring widths may be narrower at
sites stressed by drought.
Thereweredistinctdifferencesbe -
tween the se lected characteristics in
species-specific chronologies, such
as AGR and mean  variability. For
instance, narrower tree-ring widths
accompanied by lower variability
occurred in sessile oak, in agreement
with other studies conducted in the
Czech Republic (Vavrcˇík & Gryc
2012). However, such differences
may arise out of site-specific condi-
tions for both species (Rybnícˇek et al.
2016). Our analysis demonstrated
that the hydroclimate sensitivity of
the 2 oak species is similar in the
Czech  Republic, in line with several
otherEuropeanstudies (Friedrichset
al. 2009a,b, Büntgen et al. 2010,
2011c, Tegel et al. 2010). Moreover,
significant spatial correlations have
been ob served between different
oak chronologies from various loca-
tions in Central Europe. These corre -
lations, however, decrease with
 increasing geographical distance
(Pilcheretal.1984,Wa·zny&Eckstein
1991, Haneca et al. 2009, Kolárˇ et al. 2012).
CZ oak TRW chronologies responded most strongly
to changes in May−July precipitation totals, and
young trees exhibited the response that was most sen-
sitive to precipitation. This has been demonstrated by
CZ oaks before (Doležal et al. 2010), and positive re-
sponse to summer precipitation has also been shown
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Fig. 3. Running correlations (green, 21 yr window) and (A) differences between
dry/wet, (B) low/high-altitude, (C) young/old, (D) Quercus robur/Q. petraea, and
(E) east/west oak TRW chronologies in the period 1920−2013. Dashed line: level of 
significant positive correlation (α = 0.05)
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for oak chronologies from France (Mérian et al. 2011),
Romania (Popa et al. 2013), Germany (Friedrichs et al.
2009a), Slovakia (Petráš & Mecko 2011), and Poland
(Bronisz et al. 2012). However, responses to hydrocli-
mate in the Czech Re public were quite weak and un-
stable over time. The most dramatic drop in the hy-
droclimate sensitivity of CZ oak TRW chro nologies
takes place between the 1960s and the present. This
may be associated with recent global warming; the
physiological thresholds of tree growth may also have
influenced this result (Rozas 2005, Geßler et al. 2007,
Friedrichs et al. 2009a). Although CZ oak TRW
chronologies demonstrate no direct relation to air
temperature, rising temperatures and changes in pre-
cipitation distribution during the growing season are
obviously associated with a higher risk of drought oc-
currence. For example, a precipitation decrease in the
first half of the growing season and an increase in the
second half have been reported for some parts of the
Czech Republic and for central Europe in
the past 2 decades (Bauer et al. 2010, Možný
et al. 2012, Brázdil et al. 2015). Conse-
quently, a higher intensity of drought, to-
gether with a higher variability of precipita-
tion regime, has a potential for negative
effects on tree growth.
Reduced sensitivity of CZ TRW chronolo-
gies to hydroclimate has already been dis-
cussed by Büntgen et al. (2011a) for fir
Abies alba TRWs in southern Moravia.
Authors mentioned air pollution as a possi-
ble factor bearing upon the temporal insta-
bility of the growth–climate relationship.
Further, a significant tree growth reduction
in conifers due to high SO2 concentrations
and air  pollution in northern Bohemia has
already been demonstrated (Rydval & Wil-
son 2012, Kolárˇ et al. 2015). If global warm-
ing and air pollution lie behind the reduced
sensitivity of trees to climate, then the mod-
ern loss of coherence is exceptional and
may not pose a serious problem in earlier
parts of TRW chronologies.
5.  CONCLUSIONS
Our analysis aimed to evaluate a possible
‘extreme’ data model, since the study was
designed to examine possible differences
between 5 specific pairs of chro nologies as
far as possible from one another in terms of
the factor in question. This is because the
chro nologies are derived from samples representing
data of lower and upper quartiles. The mode of data
collection for sub-fossil woods, and historical woods
in particular, for the earlier parts of chronologies lies
close to ‘random sampling’, which then splices sam-
ples from the whole range of values of environmental
factors examined here to the resulting chronology.
Thus our results, indicating no significant differences
between specific sub-chronologies, should be gener-
ally valid for the entire CZ oak TRW chronology.
Moreover, results from this analysis of the influ-
ence of site, species, age, elevation, and soil moisture
on oak TRW are of great importance to hydroclimate
reconstructions of the past millennium in a central
European context. We have demonstrated that even
if the above parameters are not perfectly known for
the earlier parts of oak TRW chronologies, the result-
ing reconstructions may not be significantly biased
by such a deficiency.
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mon period 1920−2013 and (C) for the shorter 1920−1980 period. (B) 31 yr 
running correlations of TRW indices with May−July precipitation totals
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